Introduction
============

NUAK1 is a serine/threonine kinase belonging to the AMP-activated protein kinase-related kinase (AMPK-RK)[^2^](#FN3){ref-type="fn"} family. AMPK is a heterotrimer composed of an α catalytic subunit and two regulatory subunits: β and γ. The AMPK-RK family includes 12 proteins classified together on the basis of sequence similarity with AMPKαs ([@B1], [@B2]). The phosphorylation and activation of AMPKαs are up-regulated by AMP through binding to the γ regulatory subunit ([@B3]). On the other hand, AMPK-RKs do not have regulatory subunits; thus their activities are not directly regulated by the cellular AMP:ATP ratio ([@B4]). Like the AMPKαs and most other AMPK-RKs, NUAK1 can be phosphorylated by liver kinase B1 (LKB1) at a conserved threonine residue (corresponding to Thr-211 in NUAK1) ([@B2]). In addition to Thr-211, NUAK1 can be phosphorylated at Ser-600 by AKT ([@B5]). However, a recent study demonstrated that amino acid substitution at this site (S600A) has no influence on kinase activity ([@B6]). Thus, the functional significance of phosphorylation at Ser-600 is controversial.

In epithelial cells and fibroblasts, LKB1-NUAK1 phosphorylates myosin phosphatase target subunit 1 and large tumor suppressor homolog 1, which results in cell detachment and senescence, respectively ([@B6], [@B7]). NUAK1 also acts as a transcriptional coactivator in complex with LKB1 and tumor suppressor p53 to induce cell cycle G~1~ arrest in A549 lung adenocarcinoma cells ([@B8]). In mouse C2C12 myoblasts, NUAK1 is increasingly expressed with differentiation to myotubes ([@B9]). Apart from these *in vitro* studies, a study involving knock-out mice showed that the mouse homolog of NUAK1 (OMPHK1) is essential for closure of the ventral body wall in developing embryos ([@B10]). In a study with colorectal cancer clinical samples, increased NUAK1 mRNA has been observed ([@B11]). Overall, the functions and roles of NUAK1 have been investigated in the context of motility or proliferation of cultured cells, embryonic development, and cancer progression. However, little research has focused on the physiological roles of NUAK1 in adult tissues.

Skeletal muscle is the major tissue responsible for disposal of total body glucose ([@B12]). The two major physiological stimulators of skeletal muscle glucose uptake are insulin and muscle contraction ([@B13]). Contraction-stimulated glucose uptake has been shown to be mediated by LKB1 via AMPKα2 and/or NUAK2, an AMPK-RK with the highest homology to NUAK1 ([@B14]--[@B20]). In addition to the influences on contraction-stimulated glucose uptake, muscle-specific LKB1 knock-out mice display increased insulin sensitivity and improved whole body glucose homeostasis ([@B21]). In contrast, muscle-specific inhibition of AMPKα2 impairs insulin sensitivity and glucose tolerance ([@B22]). Other than AMPKα2 and NUAK2, little is known about the involvement of other AMPK-RKs in muscle glucose metabolism.

The purpose of this study was to elucidate the physiological roles of NUAK1 in adult tissues. For this purpose, we generated muscle-specific NUAK1 knock-out (MNUAK1KO) mice. To our knowledge, this is the first report of conditional knock-out of NUAK1. MNUAK1KO mice were apparently normal but exhibited improved glucose homeostasis under high fat diet (HFD) conditions. To understand the molecular mechanisms underlying the phenotype associated with the knock-out, we performed a quantitative phosphoproteome analysis of skeletal muscle. Our data suggest that one role of NUAK1 is suppression of insulin signal transduction in skeletal muscle.

EXPERIMENTAL PROCEDURES
=======================

### 

#### Animal Protocols

All of the experimental protocols were approved by the Institutional Ethics Review Committee at the National Cancer Center. The mice were maintained on a 12-h light/dark cycle and housed in a temperature-controlled barrier facility with free access to water and a standard rodent chow composed of 20% calories from fat, 50% calories from carbohydrate, and 30% calories from protein (CMF; Oriental Yeast, Tokyo, Japan). *Nuak1^flox/flox^* mice were obtained from the Laboratory for Animal Resources and Genetic Engineering, Center for Developmental Biology, RIKEN Kobe (accession number [CDB0555K](CDB0555K)). Prior to initiation of the present study, *Nuak1^flox/flox^* mice were backcrossed onto a C57BL/6J background using the speed cogenic method (Oriental Bioservice, Tokyo, Japan). To generate MNUAK1KO mice, *Nuak1^flox/flox^* mice were mated with muscle creatin kinase (*Mck*)-*Cre* mice (JAX, number 006475: B6.FVB (129S4)-Tg (Ckmm-cre) 5 Khn/J). As a control for MNUAK1KO mice, their *Nuak1^flox/flox^* littermate mice were used. For HFD-induced glucose intolerance, the mice were fed a HFD composed of 57% calories from fat, 23% calories from carbohydrate, and 20% calories from protein (HFD32; Clea Japan, Tokyo, Japan) starting from 5 weeks of age until the termination of the experiments. Male mice were used for all of the experiments.

#### Genotyping

Genomic DNA from various tissues was subjected to PCR involving 34 cycles of denaturation at 94 °C for 30 s, annealing at 60 °C for 30 s, and elongation at 72 °C for 90 s with the following primers: 5′-specific primer P1 (5′-GGTAGGTGGAGGTCGGCTGAGAAGG) and 3′-specific primer P2 (5′-TCGGATCCTAGTGAACCTCTTC).

#### Real Time RT-PCR

Total RNA was extracted using Isogen (Nippon Gene, Tokyo, Japan) and quantified using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA). Equal amounts (3.5 μg/15-μl reaction) of total RNA were subjected to first strand cDNA synthesis using a first strand cDNA synthesis kit (GE Healthcare Japan) according to the manufacturer\'s instructions. Real time PCR was carried out with TaqMan Universal PCR Master Mix (Invitrogen Japan) and TaqMan gene expression assays (Invitrogen Japan) according to the manufacturer\'s protocols. The TaqMan gene expression assays used in this study were Nuak1 (Mm01250701_m1), Nuak2 (Mm00546961_m1), PGC-1α (Mm_01208835_m1), TNNC1 (Mm00437111_m1), TNNC2 (Mm00437116_m1), and 18 S rRNA (4319413E). For relative quantification, *C*~t~ values for each gene were normalized to those for 18 S rRNA. For absolute quantification, synthesized oligonucleotide DNA fragments (Sigma-Aldrich Japan) containing the PCR amplicon regions were used to generate standard curves.

#### Immunoblotting

Following sacrifice, mouse tissues were rapidly dissected and frozen in liquid nitrogen. The frozen samples were homogenized in lysis buffer containing 1% SDS, 10 m[m]{.smallcaps} Tris (pH 7.5), 1 m[m]{.smallcaps} Na~3~VO~4~, and protease inhibitor mixture (Sigma-Aldrich Japan) and then subjected to SDS-PAGE. The proteins were transferred onto a polyvinylidene fluoride microporous membrane (Millipore, MA). The primary antibodies used were: anti-NUAK1 (4458), anti-phospho-LKB1 Ser-428 (3482), anti-LKB1 (3047), anti-IRS1 (2382), anti-phospho-AKT Thr-308 (9275), and anti-AKT (4685), all obtained from Cell Signaling Technologies (Beverly, MA), anti-phospho-TBC1D4 Thr-642 (ab65753), and anti-glucose transporter type 4 (GLUT4) (ab65976), obtained from Abcam (Cambridge, UK), anti-TBC1D4 (07-741) and anti-phospho-IRS1 Tyr-608 (09-432), obtained from Millipore (Billerica, MA), and anti-actin (sc-1615), obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Immunoblots were scanned using a Canoscan LiDE60 image scanner (Cannon, Tokyo, Japan), and the intensities of the protein bands were quantified using an image processing program ImageJ 1.44.

#### Measurements of Blood Glucose, Insulin, and Muscle Glycogen

Blood glucose levels were measured from tail blood using an Antsense II glucometer (Bayer Medical, Tokyo, Japan). Plasma insulin levels were determined from peripheral blood using mouse insulin ELISA kit S-Type (Shibayagi, Gunma, Japan). The glycogen concentration of the soleus muscle was determined using a glycogen assay kit (BioVision, Milpitas, CA). For oral glucose tolerance tests (OGTT), mice fasted overnight were administered glucose at a dose of 1 g/kg of body weight. Blood glucose levels were measured immediately before and 20, 40, 60, and 120 min after the administration. For insulin tolerance tests (ITT), mice fasted for 2 h were injected intraperitoneally with recombinant human insulin (Wako Pure Chemical Industries, Osaka, Japan) at a dose of 1 unit/kg of body weight. Blood glucose levels were measured immediately before and 15, 30, and 60 min after the injection.

#### Histological Analysis

Soleus muscles were fixed with 10% neutral buffered formalin, embedded in paraffin, and sectioned at 6-μm thickness. The sections were stained using Alexa Fluor 555-conjugated wheat germ agglutinin and Hoechst 33342 (Invitrogen Japan). The immunofluorescent images were visualized with a Zeiss LSM 710 confocal laser microscope (Carl Zeiss Japan). The myocyte cross-sectional areas obtained from 84 cells from six control mice and 83 cells from six MNUAK1KO mice were quantified by ZEN 2009 image viewer software (Carl Zeiss Japan).

#### Measurements of Glucose Uptake in Skeletal Muscles

All of the incubation media were pregassed with 95% O~2~, 5% CO~2~, and all incubation was performed at 30 °C. *Ex vivo* muscle incubation was performed as described previously ([@B23]). Soleus muscles were incubated for 30 min in Krebs-Henseleit buffer (KHB) (pH 7.4) containing 10 m[m]{.smallcaps} HEPES, 5.5 m[m]{.smallcaps} glucose, 2 m[m]{.smallcaps} pyruvate, and 0.05% free fatty acid free-bovine serum albumin without or with insulin (20 milliunits/ml). Subsequently, the muscles were washed with glucose-free KHB without or with insulin (20 milliunits/ml) three times. Glucose transport was then determined in KHB supplemented with 0.5 MBq/ml 2-deoxy-2-\[^18^F\]fluoro-[d]{.smallcaps}-glucose (\[^18^F\]FDG) (Nihon Medi-Physics, Tokyo, Japan), 0.75 m[m]{.smallcaps} FDG, and 9 μ[m]{.smallcaps} mannitol in the absence or presence of insulin (20 milliunits/ml) for 20 min. \[^18^F\]FDG was washed out with ice-cold KHB without glucose and without insulin three times. Thereafter, the muscles were blotted and weighed. The remaining radioactivity derived from \[^18^F\]FDG was measured by a Wizard 2 automatic γ-counter (PerkinElmer Japan).

#### Phosphoproteome Analysis

Soleus muscles were frozen in liquid nitrogen and disrupted using a multibead shocker (MB400U; Yasui Kikai, Osaka, Japan). Homogenates of the muscles were reduced with dithiothreitol and then alkylated with iodoacetamide before being subjected to a dual enzymatic digestion (Lys-C followed by trypsin) ([@B24]). Digested samples were desalted using StageTips with SDB-XC Empore disk membranes (3M Company, St. Paul, MN) ([@B25]). Dimethyl labeling was performed according to the literature ([@B26]). Phosphopeptide enrichment based on hydroxy acid-modified metal oxide chromatography was performed using lactic acid-modified titania as described previously with a slight modification ([@B27]). The eluates from hydroxy acid-modified metal oxide chromatography were concentrated in a vacuum evaporator (CC-105; Tomy, Tokyo, Japan). NanoLC-MS/MS analysis was performed using a previously described setup ([@B28]). Peptides and proteins were identified by Mascot version 2.3 (Matrix Science, Tokyo, Japan) against the Uniprot/SwissProt data base release 2011_04 with a precursor mass tolerance of 3 ppm, a fragment ion mass tolerance of 0.8 Da, and strict trypsin specificity allowing for up to two missed cleavages. Cysteine carbamidomethylation was set as a fixed modification. Oxidation of methionine, phosphorylation of serine, threonine, and tyrosine, and \[^1^H~4~,^12^C~2~/^2^H~4~,^13^C~2~\]dimethylation of the N terminus and lysine were allowed as variable modifications. Peptides were considered identified if the Mascot score was over the 95% confidence limit based on the "identity" score of each peptide, and at least three successive y or b ions and two or more y, b, and/or precursor origin neutral loss ions were observed, based on the error-tolerant peptide sequence tag concept ([@B29]). False positive rates were estimated by searching against a randomized decoy data base created by the Mascot Perl program supplied by Matrix Science (averaged false positive rate = 1.02%). The details of experimental procedures are described in the [supplemental information](http://www.jbc.org/cgi/content/full/M111.302687/DC1).

RESULTS
=======

### 

#### NUAK1 Is Preferentially Expressed in Highly Oxidative Tissues Such as Cerebrum, Heart, and Soleus Muscle

To determine the tissue distribution of NUAK1, the level of mouse Nuak1 mRNA in various organs and tissues was measured using quantitative RT-PCR. The distribution of Nuak2 mRNA was also examined because NUAK1 and NUAK2 may have redundant functions ([@B7], [@B30]). As shown in [Fig. 1](#F1){ref-type="fig"}*A*, Nuak1 was most abundant in the cerebrum and heart, which is consistent with the distribution of human NUAK1 ([@B31]). We found that among the skeletal muscles examined, Nuak1 was selectively expressed in the soleus, at a level comparable with the heart. In contrast, Nuak2 was barely detectable in the skeletal muscles and was highly expressed in kidney.

![**NUAK1 is preferentially expressed in highly oxidative tissues.** *A*, quantitative RT-PCR analysis of Nuak1 and Nuak2. RNA was isolated from 10-week-old C57BL/6 mice. The data are the means ± S.E. (*n* = 3). *B*, immunoblotting analysis of NUAK1 and LKB1 in heart, Sol, TA, and EDL muscles. Actin was used as a loading control. Protein extracts were from three individual 10-week-old C57BL/6 mice. *C*, schematic representation of floxed and knock-out alleles of Nuak1. The *black arrowheads* represent *loxP* sites. *Gray arrows* indicate PCR primers P1 and P2 used for the genotyping. Amplification with the P1 and P2 primers yields the 1166-bp product from the floxed allele and the 378-bp product from the knock-out allele. *D*, genotyping of Nuak1 floxed mice without (control) or with (MNUAK1KO) the *Mck-Cre* transgene. *M*, molecular marker. *E*, real time RT-PCR for Nuak1 mRNA in muscles. RNA was isolated from 10-week-old control and MNUAK1KO mice. The mRNA levels are expressed relative to that in soleus muscle of control mice. The data are the means ± S.E. (*n* = 3). \*, *p* \< 0.05; \*\*, *p* \< 0.01 (Student\'s *t* test). *F*, immunoblot analysis of NUAK1 protein in muscles. Protein extracts of each type of muscle were prepared from three individual mice. *Sol*, soleus; *Quad*, quadriceps; *Cont*, control; *MNKO*, MNUAK1KO.](zbc0201207150001){#F1}

Expression of NUAK1 protein in the heart, soleus, tibialis anterior (TA), and extensor digitorum longus (EDL) muscles was analyzed using immunoblotting, which also showed muscle type-specific expression of NUAK1 ([Fig. 1](#F1){ref-type="fig"}*B*). LKB1 was expressed in all of the muscles examined, and the phosphorylation level was lower in the heart than in the other muscles ([Fig. 1](#F1){ref-type="fig"}*B*). Previous studies have shown that soleus muscle predominantly contains type I and type IIA fibers, which have a high mitochondrial density and oxidative capacity ([@B32]). Therefore, our data suggest that NUAK1 is preferentially expressed in highly oxidative tissues such as the cerebrum, heart, and soleus muscle.

#### Generation of MNUAK1KO Mice

To investigate the role of NUAK1 in skeletal muscle, we generated conditional knock-out (MNUAK1KO) mice. Mice carrying Nuak1 floxed allele (*Nuak1^flox/flox^*), in which exon 3 was flanked by *loxP* sequences as shown in [Fig. 1](#F1){ref-type="fig"}*C*, were crossed with muscle creatin kinase (*Mck*)-*Cre* transgenic mice. The MNUAK1KO mice were born in a normal Mendelian ratio and had no gross abnormalities in appearance and behavior. Genomic PCR analysis confirmed deletion of the Nuak1 gene in the heart and skeletal muscles of MNUAK1KO mice. The deletion was not observed in any nonmuscle tissues in the MNUAK1KO mice or in tissues from their *Nuak1^flox/flox^* (control) littermates ([Fig. 1](#F1){ref-type="fig"}*D*). Real time RT-PCR showed that the level of Nuak1 mRNA was substantially reduced in heart, soleus, TA, and EDL muscles of MNUAK1KO mice ([Fig. 1](#F1){ref-type="fig"}*E*). The NUAK1 protein was barely detectable in those tissues of MNUAK1KO mice ([Fig. 1](#F1){ref-type="fig"}*F*). These observations confirmed that muscle-specific knock-out of NUAK1 was achieved.

#### MNUAK1KO Mice Exhibit No Skeletal Muscle Morphological Abnormalities

For phenotypic analysis, we first assessed the mass and fiber size of the soleus muscle, as well as the weight of heart and body, because the involvement of NUAK1 in myoblast differentiation has been implied ([@B9]). No difference was observed between MNUAK1KO and control mice with respect to body, heart, or soleus weights under both normal chow diet (NC) and HFD conditions at 13--15 weeks of age ([Fig. 2](#F2){ref-type="fig"}, *A* and *B*, and [supplemental Table S1](http://www.jbc.org/cgi/content/full/M111.302687/DC1)). The myocyte cross-sectional area of the soleus muscle was almost identical in MNUAK1KO and control mice ([Fig. 2](#F2){ref-type="fig"}*C*). The expression of NUAK1 in heart or soleus muscle of control mice was not affected by the HFD (data not shown).

![**MNUAK1KO mice display no morphological abnormalities.** *A* and *B*, weight of heart (*A*) and soleus muscle (*B*) of control and MNUAK1KO mice fed a NC or HFD. The indicated values are normalized to body weight. The data are the means ± S.E. (*n* = 10). *C*, cross-section of soleus muscle myocytes stained with wheat germ agglutinin. *Scale bars*, 20 μm. The graph below shows the average myocyte cross-sectional area for control and MNUAK1KO mice. The data are the means ± S.E. (*n* = 6). *D--F*, real time RT-PCR analysis of PGC-1α (*D*), TNNC1 (*E*), and TNNC2 (*F*). The mRNA levels are expressed relative to that of the soleus in control mice. The data are the means ± S.E. (*n* = 3). Mice at the age of 13--15 weeks were used for all experiments. *Sol*, soleus.](zbc0201207150002){#F2}

To determine whether NUAK1 is involved in the formation of type I fibers, we examined the expression level of peroxisome proliferator-activated receptor γ coactivator 1-α (PGC-1α), a transcriptional regulator that drives type I fiber formation ([@B33]). We also assessed myofiber composition by examining the expression levels of troponin C1 (TNNC1) and troponin C2 (TNNC2), which are specifically expressed in type I and type II fibers, respectively ([@B32]). Real time RT-PCR analysis revealed no significant difference between MNUAK1KO and control mice with respect to PGC-1α, TNNC1, or TNNC2 mRNA expression in the soleus, TA, and EDL muscles ([Fig. 2](#F2){ref-type="fig"}, *D--F*). These observations suggest that NUAK1 is not involved in the determination of muscle mass, fiber size, or fiber type.

#### MNUAK1KO Mice Fed High Fat Diet Exhibit Improved Glucose Homeostasis

To assess the influence of muscle-specific knock-out of NUAK1 on whole body glucose homeostasis, MNUAK1KO and control mice were fed either a NC or a HFD, and the level of blood glucose was monitored. There was no difference in the fasting blood glucose concentration of MNUAK1KO and control mice fed a NC through age 19 weeks ([Fig. 3](#F3){ref-type="fig"}, *A* and *B*). In contrast, on a HFD, the fasting blood glucose concentration at 13--15 weeks of age was significantly lower in MNUAK1KO mice than in control mice ([Fig. 3](#F3){ref-type="fig"}*A*). This phenotype was even more prominent by age 18--19 weeks ([Fig. 3](#F3){ref-type="fig"}*B*). At this age, MNUAK1KO mice fed a HFD exhibited slightly lower body weight compared with that of control mice ([supplemental Table S1](http://www.jbc.org/cgi/content/full/M111.302687/DC1)), which may reflect the improved glucose homeostasis in MNUAK1KO mice. In conjunction with these findings, the fasting plasma free fatty acid level was significantly lower in MNUAK1KO mice than in control mice under HFD conditions ([supplemental Table S1](http://www.jbc.org/cgi/content/full/M111.302687/DC1)). The HFD-induced hyperinsulinemia and hypertriglyceridemia also tended to be less pronounced in MNUAK1KO mice ([Fig. 3](#F3){ref-type="fig"}*C* and [supplemental Table S1](http://www.jbc.org/cgi/content/full/M111.302687/DC1)). The level of food intake was unaltered between MNUAK1KO and control mice ([supplemental Table S1](http://www.jbc.org/cgi/content/full/M111.302687/DC1)).

![**MNUAK1KO mice show improved glucose homeostasis under HFD conditions.** *A* and *B*, fasting blood glucose levels of control and MNUAK1KO mice at 13--15 weeks (*A*) and 18--19 weeks of age (*B*). The data are the means ± S.E. (*n* = 8). *C*, plasma insulin levels of control and MNUAK1KO mice. The data are the means ± S.E. (*n* = 12). *D*, oral glucose tolerance of control and MNUAK1KO mice under HFD conditions. The data are the means ± S.E. (*n* = 12). *E*, insulin tolerance of control and NUAK1 KO mice under HFD conditions. The data are the means ± S.E. (*n* = 8). Mice at the age of 13--15 weeks were used for *C--E*. \*, *p* \< 0.05; \*\*, *p* \< 0.01 (Student\'s *t* test).](zbc0201207150003){#F3}

To further investigate the involvement of NUAK1 in glucose homeostasis, an oral glucose tolerance test (OGTT) and an insulin tolerance test (ITT) were performed. No differences in OGTT and ITT results were observed between MNUAK1KO and control mice fed a NC (data not shown). On a HFD, MNUAK1KO mice displayed significantly lower blood glucose levels than control mice as determined using both the OGTT ([Fig. 3](#F3){ref-type="fig"}*D*) and the ITT ([Fig. 3](#F3){ref-type="fig"}*E*). These results indicate that muscle-specific knock-out of NUAK1 increases the capacity for glucose disposal, at least in part, in response to insulin.

To determine whether the improved whole body glucose metabolism is attributed to NUAK1-deficient skeletal muscle, we measured glucose uptake into isolated soleus muscle without or with insulin. Insulin-stimulated glucose uptake was observed in the soleus muscle from both MNUAK1 and control mice fed a NC ([Fig. 4](#F4){ref-type="fig"}*A*). Under HFD conditions, the effects of insulin were less pronounced in the soleus muscle from control mice, whereas NUAK1-deficient soleus muscle displayed insulin-stimulated glucose uptake comparable with that observed under NC conditions ([Fig. 4](#F4){ref-type="fig"}*B*). We also measured the soleus muscle glycogen concentration in MNUAK1KO and control mice. The glycogen concentration was significantly higher in the soleus of MNUAK1KO mice under both NC and HFD conditions, indicating that NUAK1 plays a critical role in glucose storage in the soleus muscle ([Fig. 4](#F4){ref-type="fig"}*C*). Taken together, our findings suggest that a muscle-specific knock-out of NUAK1 preserved insulin sensitivity under HFD conditions.

![**MNUAK1KO mice show improved insulin sensitivity and increased glycogen storage in skeletal muscle.** *A* and *B*, rate of glucose uptake in soleus muscles isolated from 18--20-week-old control and MNUAK1KO mice fed a NC (*A*) or a HFD (*B*) without or with insulin stimulation. The data are the means ± S.E. (*n* = 7 for NC and 8 for HFD). *C*, glycogen concentration in the soleus muscle of 13--15-week-old control and MNUAK1KO mice fed a NC or HFD. The data are the means ± S.E. (*n* = 8). \*, *p* \< 0.05 (Student\'s *t* test).](zbc0201207150004){#F4}

#### Phosphorylation of TBC1D4 Is Increased by Deletion of Nuak1 in Skeletal Muscle

Glucose metabolism in skeletal muscle is highly sensitive to both the expression of glucose transporter type 4 (GLUT4) which is increased by exercise and decreased by a HFD ([@B34], [@B35]), and its translocation to the plasma membrane ([@B36]--[@B38]), which is facilitated by phosphorylated TBC1 domain family member 4 (TBC1D4) ([@B39], [@B40]). To investigate the molecular mechanism underlying improved glucose metabolism, the TBC1D4 phosphorylation in acute response to glucose in the soleus of HFD-fed MNUAK1KO and control mice was examined. The level of GLUT4 protein was also compared between MNUAK1KO and control mice. The phosphorylation level of TBC1D4 Thr-649 (corresponding to Thr-642 in the human isoform) was significantly higher in the soleus muscle from MNUAK1KO mice in the glucose-administered group ([Fig. 5](#F5){ref-type="fig"}). This difference was not observed in the water-administered group, suggesting that postprandial glucose uptake is enhanced in the soleus of MNUAK1KO mice. No differences were observed in the GLUT4 protein level ([Fig. 5](#F5){ref-type="fig"}). Our data indicate that the observed increase in glucose disposal in MNUAK1KO mice fed a HFD is associated with increased GLUT4 translocation rather than changes in GLUT4 expression in the soleus muscle.

![**Phosphorylation of TBC1D4 is up-regulated in NUAK1-deficient muscle after glucose administration.** Immunoblot analysis of TBC1D4, GLUT4, and NUAK1 in soleus muscle of HFD-fed control and MNUAK1KO mice. Mice at the age of 13--15 weeks were fasted overnight and sacrificed 40 min after oral administration of water (basal control) or glucose. The graphs show the intensities of phospho-TBC1D4, GLUT4, and NUAK1 bands. Phospho-TBC1D4 protein levels were normalized to total TBC1D4. GLUT4 and NUAK1 protein levels were normalized to actin. The protein levels are expressed relative to those in the water-administered control mice. The data are the means ± S.E. (*n* = 4 for NUAK1 and 5 for TBC1D4 and GLUT4). \*\*, *p* \< 0.01 (Student\'s *t* test). *Cont*, control; *MNKO*, MNUAK1KO.](zbc0201207150005){#F5}

#### Insulin Signal Transduction Is Enhanced in Soleus Muscle of MNUAK1KO Mice

To obtain a comprehensive understanding of the molecular mechanism underlying the observed MNUAK1KO phenotype, a quantitative phosphoproteome analysis was performed on soleus muscle isolated from HFD-fed MNUAK1KO and control mice in random fed state. Total protein was enzymatically digested, differentially labeled with stable isotopes, and then subjected to simultaneous LC-MS/MS analysis, which allowed for precise comparison between the two samples. To ensure reproducibility, four independent experiments were performed. All of the mass spectra and a detailed list of all proteins identified in this study are provided in the [supplemental mass spectra and supplemental Table 3](http://www.jbc.org/cgi/content/full/M111.302687/DC1), respectively. [Table 1](#T1){ref-type="table"} shows proteins that were found to be differentially phosphorylated more than 1.5-fold in all four experiments and more than 2-fold in average between MNUAK1KO and control mice. Among the 1,229 phosphopeptides quantitatively detected, the abundance of 27 phosphopeptides, corresponding to 21 proteins, decreased as a result of the Nuak1 deletion, whereas the abundance of six phosphopeptides, corresponding to six proteins, increased. Most of the differences in phosphorylation status were also observed under NC conditions ([supplemental Table S2](http://www.jbc.org/cgi/content/full/M111.302687/DC1)). It should be noted that differential regulation of phosphoproteins involved in glucose metabolism was clearly shown. In particular, the phosphorylation of IRS1 at Ser-1097 was changed most drastically (KO/control ratio = 0.10 ± 0.03) ([Fig. 6](#F6){ref-type="fig"}). This serine phosphorylation (Ser-1101 in the human isoform), together with the phosphorylation of its upstream regulator PKCθ at Ser-676 (the same residue in the human isoform), is known to mediate negative feedback regulation of insulin signaling through blocking of IRS1 tyrosine phosphorylation ([@B41]). Phosphorylation of glycogen synthase 1 (GYS1) at the C-terminal serine residues including Ser-653 and Ser-657 (both same in the human isoform) leads to its inactivation and decreases glycogen synthesis ([@B42], [@B43]). Therefore, the hypophosphorylation of these sites in NUAK1-deficient soleus muscle can enhance insulin sensitivity and glycogen synthesis, which is consistent with the observed decreased blood glucose, improved glucose tolerance and insulin sensitivity, and increased muscle glycogen content phenotype. Besides glucose metabolism, biological processes shown to be affected include cell motility. Components of the actin-myosin cytoskeleton, such as various myosin isoforms, titin, and plectin, were also hypophosphorylated in NUAK1-deficient soleus muscle. Although it is unclear how changes in the phosphorylation status of these cytoskeletal proteins affect glucose metabolism and muscle contraction, the data suggest that NUAK1 has a role in regulation of muscle cytoskeletal structure.

###### 

**Phosphoproteome analysis in soleus muscles from MNUAK1KO and control mice fed a HFD**

The listed phosphorylation sites were differentially regulated more than 2.0-fold in MNUAK1KO mice compared with control mice under HFD conditions. The data are means ± S.E. (*n* = 4).

![](zbc020120715t001)

*^a^* Protein isoforms that could not be distinguished by unique peptides.

*^b^* Phosphorylation sites previously identified using site-specific methods in reference to the PhosphoSitePlus database.

*^c^* Ambiguous phosphorylation sites (*i.e.*, those that could not be determined from MS-MS spectra).

![**Phosphoproteome of soleus muscles from MNUAK1KO and control mice.** A total of 1,229 phosphopeptides were quantitatively detected in soleus muscle. KO/control ratio of phosphopeptides are shown by *blue dots* (mean, *n* = 4). Phosphopeptides with KO/control ratio of more than 2.0 or less than 0.5 are listed in [Table 1](#T1){ref-type="table"}. An IRS1 phosphopeptide containing Ser-1097 is indicated by an *arrow*.](zbc0201207150006){#F6}

To validate the increased insulin signaling suggested by the phosphoproteome analysis, phosphorylation of IRS1 at Tyr-608 and AKT at Thr-308 in soleus muscle of mice fed a HFD were analyzed by immunoblotting. The phosphorylation levels of IRS1 and AKT were significantly higher in soleus muscle of MNUAK1KO mice than in that of control mice under fed conditions, confirming the enhancement of insulin signaling by a lack of NUAK1 ([Fig. 7](#F7){ref-type="fig"}*A*). We also examined the phosphorylation of IRS1 and AKT in acute response to glucose and insulin in soleus muscle of mice fed a HFD. As shown in [Fig. 7](#F7){ref-type="fig"}*B*, phosphorylation levels of IRS1 Tyr-608 and AKT Thr-308 in response to glucose administration were significantly higher in soleus muscle of MNUAK1KO mice than in that of control mice. The AKT Thr-308 phosphorylation in response to insulin injection was also significantly higher in the soleus muscle of MNUAK1KO mice than in that of control mice ([Fig. 7](#F7){ref-type="fig"}*C*). No difference was observed in IRS1 phosphorylation in response to insulin injection, probably because of the time point for this analysis. Note that phosphorylation level of AKT under basal (fasted) conditions was significantly lower in soleus muscle of MNUAK1KO mice than in that of control mice ([Fig. 7](#F7){ref-type="fig"}, *B* and *C*). An increase in the basal phosphorylation level of AKT is characteristic of insulin resistance induced by a HFD ([@B44], [@B45]). These observations strongly suggest that a HFD-induced insulin resistance was reduced in soleus muscle of MNUAK1KO mice. Therefore, we concluded that NUAK1 is involved in the negative regulation of insulin signal transduction in soleus muscle.

![**Phosphorylation of insulin signaling proteins are up-regulated in NUAK1-deficient muscle.** Immunoblot analysis of phosphorylation of IRS1 at Tyr-608 (*black arrowhead*) and AKT at Thr-308 in soleus muscle of HFD-fed control and MNUAK1KO mice. A *white arrowhead* denotes a nonspecific band. Graphs show the intensities of phospho-protein bands normalized to total protein levels in each case. The data are expressed relative to those from control mice. \*, *p* \< 0.05; \*\*, *p* \< 0.01 (Student\'s *t* test). *A*, mice under fed conditions. The data are the means ± S.E. (*n* = 3). *B*, mice were fasted overnight and administered water or glucose (1 g/kg of body weight). Soleus was excised 40 min after the administration. The data are the means ± S.E. (*n* = 6). *C*, mice were fasted overnight and intraperitoneally injected with PBS or insulin (1.5 units/kg of body weight). Soleus was excised 20 min after the injection. The data are the means ± S.E. (*n* = 3). *Cont*, control; *MNKO*, MNUAK1KO.](zbc0201207150007){#F7}

DISCUSSION
==========

Skeletal muscle is the principle tissue for insulin-mediated glucose uptake. Oxidative muscle has higher insulin-stimulated glucose transport activity than does glycolytic muscle ([@B46]). Therefore, our finding that NUAK1 is highly expressed in soleus muscle as well as cerebrum and heart, which are also highly oxidative tissues, suggests the possibility that NUAK1 is involved in energy metabolism in oxidative tissues. In support of this hypothesis, muscle-specific LKB1 knock-out (MLKB1KO) mice show improved whole body glucose homeostasis ([@B21]). Thus, we examined whether muscle-specific deletion of Nuak1 affects whole body glucose homeostasis and found that MNUAK1KO mice fed a HFD exhibit decreased fasting blood glucose levels and improved glucose metabolism compared with control mice also fed a HFD. The phenotypic similarity, together with the results of previous *in vitro* studies ([@B2], [@B6], [@B7]), strongly suggests that LKB1 is an upstream kinase of NUAK1 in skeletal muscle. Note that the phenotype of MNUAK1KO mice was apparent only under HFD conditions. This can be explained by the contribution of skeletal muscle to whole body glucose disposal. Under euglycemic conditions, the majority of glucose disposal occurs in a non-insulin-mediated manner, and skeletal muscle accounts for only 20% of whole body glucose disposal ([@B47], [@B48]). On the other hand, skeletal muscle is responsible for virtually all glucose disposal increased in hyperglycemic conditions ([@B47]). We concluded that a lack of NUAK1 alters muscle glucose metabolism, which contributes significantly to whole body glucose disposal in mice with hyperglycemia.

Our data provide evidence suggesting that NUAK1 controls glucose metabolism through negative regulation of insulin signal transduction in skeletal muscle. Firstly, the lower blood glucose of MNUAK1KO mice in OGTT and ITT indicates increased insulin sensitivity. Secondly, the *ex vivo* experiment of muscle glucose uptake suggests that NUAK1-deficient muscle is protected from HFD-induced insulin resistance. Thirdly, decreased phosphorylation of PKCθ at Ser-676 and IRS1 at Ser-1097 in the soleus muscle of MNUAK1KO mice indicates that a negative feedback regulation of insulin signal transduction is down-regulated by a lack of NUAK1. Indeed, phosphorylation of IRS1 at Tyr-608, which is caused by insulin and leads to the activation of downstream molecules such as AKT and TBC1D4, was up-regulated in the soleus muscle of MNUAK1KO mice. Our observations in MNUAK1KO mice are consistent with a report that PKCθ knock-out mice are not susceptible to HFD-induced insulin resistance ([@B49]). The hypophosphorylation of PKCθ in NUAK1-deficient soleus muscle also explains our observation that basal glucose uptake in muscle tended to be decreased by a lack of NUAK1 ([Fig. 4](#F4){ref-type="fig"}, *A* and *B*), because it is regulated by PKC isoforms ([@B50], [@B51]). Lastly, increased muscle glycogen concentration together with decreased phosphorylation of GYS1 at Ser-653 and Ser-657, which is involved in activation of GYS1, can be explained by enhancement of insulin signaling because GYS1 at Ser-653 is regulated by glycogen synthase kinase 3, a downstream effector of IRS1-AKT axis ([@B42]).

How does NUAK1 control the negative feedback loop of insulin signaling? Phosphoproteome analysis showed that phosphorylation of IRS1 at Ser-1097 was decreased remarkably among all phosphorylations in soleus muscle. In adipose tissues, IRS1 is regulated by salt-inducible kinase 2, another member of the AMPK-RK family ([@B52]), through phosphorylation of Ser-794. Therefore, although the amino acid sequence flanking Ser-1097 is not consistent with the optimal motif for phosphorylation by AMPK ([@B53]--[@B55]), it is plausible that IRS1 is a target of NUAK1. The hypophosphorylation of PKCθ, an upstream kinase of IRS1 Ser-1097, can be explained by the lower plasma free fatty acid levels in MNUAK1KO mice because the phosphorylation of PKCθ is stimulated by free fatty acid ([@B56]--[@B58]).

Our phosphoproteome analysis also revealed that deletion of Nuak1 leads to a decrease in phosphorylation of components of contraction apparatus such as myosin isoforms and titin, which is consistent with a recent report suggesting that myosin and paramyosin are potential substrates of UNC-82, a *Caenorhabditis elegans* ortholog of NUAK1 and NUAK2 ([@B59]). Current understanding of how changes in the phosphorylation status of cytoskeletal proteins affect glucose metabolism and muscle contraction is incomplete. Further phenotypic analyses of cytoskeletal organization and muscle contraction are required to fully understand the role of NUAK1 in skeletal muscle.

In summary, we found that NUAK1 is preferentially expressed in highly oxidative tissues such as the cerebrum, heart, and soleus muscle. We generated muscle-specific NUAK1 knock-out mice and found that they have improved glucose homeostasis compared with control mice when fed a hyperglycemia-inducing HFD. This phenotype is similar to that of muscle-specific LKB1 knock-out mice, suggesting that LKB1 is an upstream kinase for NUAK1 in skeletal muscle. A quantitative phosphoproteome analysis revealed that NUAK1 is involved in the negative feedback regulation of insulin signal transduction, possibly through the phosphorylation of IRS1. Our results strongly suggest that a physiological role of NUAK1 is to suppress insulin-mediated glucose uptake in skeletal muscle.
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